Optical, electrochemical, and electron-transporting properties of disilane-and siloxane-bridged biphenyl and bithiophene derivatives were investigated, in comparison with those of the monosilane-bridged analogues (siloles). The UV spectra and cyclic voltammograms indicated that elongation of the silicon bridge suppresses the π-conjugation, in accordance with the results of DFT calculations. The DFT calculations indicated also that the dislane-bridged biphenyl and siloxane-bridged bithiophene should have the low-lying HOMOs and LUMOs.
Introduction
Much attention has been focused on the silole ring system, in which the σ * -orbital of the silicon atom effectively interacts with the π * -orbital of the butadiene unit, leading to the low-lying LUMO [1] . To date, many papers concerning the functionalities of 1 silole-based materials have been published [2] , since a bipyridyl-substituted silole has been demonstrated to be usable as an efficient electron transporting material in multi-layered organic light-emitting diodes (OLEDs) [3, 4] .
Annulated silole derivatives, such as dibenzosiloles (Chart 1, 1), have been also studied as OLED materials. Fascinating properties of dibenzosilole-fluorene copolymers have been reported. For example, incorporation of dibenzosilole units into the π-conjugated polyfluorene main chain leads to high-efficiency spectrum-stable color-pure blue-emitting materials [5] .
We have studied dithienosilole as a thiophene-annulated silole system (Chart 1, 4) and have demonstrated that dithienosilole derivatives also exhibit highly electron-transporting properties in their vapor-deposited films, being applicable to OLEDs [6, 7] . Disilane-bridged bithiophenes (Chart 1, 5) again can be used as excellent electron-transports in OLEDs, similar to dithienosiloles [7] . Recently we have studied the optical, and electrochemical properties of a siloxane-bridged bithiophene (Chart 1, 6) and it has been demonstrated that introducing an oxygen atom into the disilanylene unit affects primarily the HOMO energy level to lower it, with the LUMO level being almost untouched. This clearly indicates that the siloxane-bridged bithiophene can be anticipated as efficient electron-transporting materials with good hole-blocking properties [8] . However, the electron-transporting properties have not yet been examined. OLEDs having vapor-deposited films of the compounds as the electron transporting materials is also described.
Results and discussion

Theoretical calculations on Si-bridged biphenyls and bithiophenes
The relative HOMO and LUMO energy levels for the model compounds 1a-5a
derived from DFT [9, 10] calculations are depicted in Figure 1 . As can be seen in Figure 1 , the LUMO energy level of disilane-bridged biphenyl 2a is comparable to that of dibenzosilole 1a, while HOMO of 2a lies at lower level than that of 1a by 0.20 eV.
On the other hand, the LUMO level of 3a is considerably affected by introducing an oxygen atom, elevating the level by 0.32 eV from that of 2a. For the LUMOs, two factors seem to be operative in these compounds, one of which is the twisting of two benzene rings, and the other is the degree of σ*-π* conjugation. Compound 2a possesses a twisted biphenylene unit with the dihedral angel of C=C-C=C = 42.1 deg, as shown in Figure 1 , suppressing the π-conjugation between the benzene units. This may roughly balance the enhanced σ*-π* conjugation in disilane 2a, resulting in the LUMO energy level, similar to that of monosilane 1a. For 3a, the σ*-π* conjugation is interrupted by the oxygen atom and the twisting is much more enhanced.
For bithiphene derivatives, the HOMO energy levels were calculated to be at higher level than those of biphenyl derivatives, probably due to the electron donating properties of thiophene rings. Introduction of an oxygen atom to 5a giving rise to 6a exerts little influence on the LUMO energy level, in contrast to that the LUMO of 3a is at higher energy than that of 2a. In 6a, the electronegative oxygen appears to lower the LUMO by its inductive effect, which may compensate the reduced σ*-π* and π conjugation. Thiopehene ring system, which is essentially electron-donating, would be more affected by the inductive effect of the oxygen inserted, as compared with benzene system. Similarly, the HOMO of 6a is much more influenced by the oxygen to lower the energy level significantly, as compared with that of 3a. The smaller twisting of the bithiophene unit in 6a (C=C-C=C = 38.7 deg) than that in 3a (C=C-C=C = 54.1 deg) seems to be primarily responsible for smaller HOMO-LUMO energy gap for 6a.
It is noteworthy that the LUMOs of 2a, and 6a lay at the energies, approximately as low as that of 5a, while they have the HOMOs at much lower level than 5a.
Disilane-bridged bithiophene 5 has proven to work as an excellent electron transport in
OLEDs [7] , and hence we expected compounds 2 and 6 as electron transports with better electron-blocking than 5. We also examined dibenzosilole (1) as the electron-transport, since nothing has been reported for electron-transporting properties of monomeric dibenzosiloles, to our knowledge.
Synthesis of disilanes-and siloxane-bridged biphenyls 2b, 2c, and 3b
Si-bridged biphenyls 2b, 2c, and 3b were synthesized as shown in Scheme 1.
Compounds 2b was obtained by an in-situ Grignard reaction of dibromobiphenyl and the dichlorodimethyldiphenyldisilane with magnesium in 51% yield as a colorless solid composed of 1:4 cis and trans isomers. A similar reaction with dichlorotetraethyldisilane afforded compound 2c in 32% yield as a colorless oil.
Treatment of disilanes-bridged biphenyl (2d) with trimethylamine oxide produced siloxane 3b. Scheme 1 Table 1 summarizes the UV absorption maxima and oxidation peak potentials in the CVs of Si-bridged biphenyls and bithiophenes (see Scheme 1 and Chart 2). The UV absorption maxima moved to longer wave length in the order of 3b < 2b,c < 1b < 6b < 5b in accordance to the results of DFT calculations. The cyclic voltammograms (CVs) of the present Si-bridged biphenyls and bithiophenes were measured in acetonitrile. These compounds underwent irreversible oxidation in CVs without reductive counter waves, indicating some decompositions such as polymerization occurred during the measurements. The oxidation peak potentials were noted as listed in Table 1 , which moved to lower potentials, in the order of 3b > 1b > 2b,c, 6b > 5b. This is in accordance with the results of DFT calculations, which indicate the HOMO energy levels are elevated in the same order, except for 1b.
Optical and electrochemical properties of Si-bridged biphenyls and bithiophenes
The reason for higher oxidation potential for 1b than that expected from the calculations is not clear yet. However, the irreversible CV profiles for these compounds would not allow us to discuss the electronic states of the compounds in detail on the basis of the oxidation peak potentials.
OLED performance of the devices having 2b and 6b as the electron-transport
To evaluate electron-transporting properties of the present Si-bridged biphenylene and bithiophene, we fabricated triple-layered OLEDs having a vapor-deposited layer of 2b or 6b as the electron-transport. The structure of the devices and the thickness of the layers were ITO/TPD (40 nm)/Alq 3 (50 nm)/2b or 6b (20 nm)/Mg-Ag (device A for 2b and device B for 6b) where Alq 3 and TPD were tris(8-quinolinolato)aluminium (III) and N,N'-diphenyl-N,N'-di-m-tolylbiphenyl-4,4'-diamine, respectively.
In these devices, TPD, 2b or 6b, and Alq 3 layers were the hole-and electron-transports, and the emitter, and ITO and Mg-Ag were the anode and cathode, respectively. We also examined device C having a layer of 1b as the electron transport in place of 2b/6b One might consider that the LUMOs of 2b and 6b would be at higher level than Alq3
(-2.59 eV [11] ). For example, the LUMO energy level for 6b from the onset of CV oxidation and UV absorption edge was estimated to be -2.2 eV [12] . However, it is not unusual to assume that the electronic states may strongly depend on the conditions, in solutions or films. In condensed films, stacking of the molecules would 6 considerably affect the electronic states. In fact, the UV spectrum of a vapor deposited film of compound 2b showed shoulders around 300 and 320 nm, together with the absorption maximum at almost the same energy as that in a solution (280 nm).
Moreover, emission spectrum of 2b in THF showed a band at 355 nm, but the band disappeared for its vapor deposited film. These results are indicative of intermolecular interaction between chromophores in the condensed phase. We could not estimate the LUMO level of 2b, due to its broad oxidation peak.
By applying the electric field, these devices emitted green light arising from Alq 3 emission. Figure 2 inferior but compareable to those of A, the low luminance seems to be due to the insufficient hole-blocking properties of the layer of 6b.
In conclusion, we studied novel Si-bridged biphenylene and bithiophene derivatives that were predicted to possess low lying HOMO and LUMO by DFT calculations. OLEDs having vapor deposited films of these compounds as the electron-transports, were fabricated and their performance was examined. Excellent device performance was demonstrated for the OLED with disilanylene-bridged biphenyl 2b. It was also found that the siloxane-bridged bithiophene was potentially useful as an electron-transporting material.
Experimental section
General.
All reactions were carried out under an inert atmosphere. NMR spectra were recorded on JEOL Model JNM-EX 270 and JEOL Model JNM-LA 400 spectrometers.
Mass spectra were measured with a Hitachi M80B spectrometer. UV spectra were measured on a Hitachi U-3210 spectrophotometer. The usual workup mentioned in the following part involves separating the organic layer, extracting the aqueous layer, drying the combined organic layer and the extracts, and evaporating the solvents, in that order.
Materials.
THF and toluene were dried over sodium and distilled just before use.
Acetonitrile was distilled from P 2 O 5 and stored in dark under an argon atmosphere at 4°C before use.
Preparation of 2b,c.
In a 30 mL three-necked flask fitted with a dropping funnel were placed 0.17 g (6.9 mol) of magnesium, 1,2-dichloro-1,2-dimethyl-1,2-diphenyldisilane (1.0 g 3.2 mol), and 5 mL of THF. To this was added a solution of 2,2'-dibromobiphenyl (1.0g 3.2 mol) in 20 mL of THF at room temperature. The resulting mixture was refluxed for 30 min. The mixture was then cooled to room temperature and was hydrolyzed with water. After the usual workup, the residue was chromatographed on a silica gel column with hexane/ethyl acetate (10/1 vol%) as eluent to give 2b as a 1:4 cis/trans isomeric mixture (yield 51%), which was recrystallized from ethanol to give 2b as a colorless solid (yield 9%): mp 84. [13] .
Preparation of 3b
In a 50 mL three-necked flask fitted with a reflux condenser was placed a mixture of 0.20 g (0.75 mmol) of 2d that was prepared in a fashion similar to 2b, using 1,2-dichloro-1,1,2,2-tetramethyldisilane instead of 1,2-dichloro-1,2-dimethyl-1,2-diphenyldisilane, and 0.17 g (2.24 mol) of trimethylamine oxide in 30mL of dry toluene.
After being stirred at room temperature for 2 day, the mixture was hydrolyzed with water. After the usual workup, the residue was chromatographed on a GPC column with toluene as eluent to give 3b (yield 42%) as a colorless solid: mp 74. 
DFT calculations.
The density functional theory (DFT) calculations were carried out using the Gaussian03 program package [10] . The Becke-three-parameter-Lee-Yang-Parr hybrid functional [14] [15] [16] [17] was employed with the 6-31G(d,p) basis set.
CV measurements.
9 CV measurements were carried out using a three-electrode system in acetonitrile solutions containing 100 mM of lithium perchlorate as the supporting electrolyte and 2 mM of the substrate. Pt wires were used as the working and counter electrodes, and Ag/Ag + was used as the reference electrode. The current-electric field curves were recorded at room temperature on a Hokuto Denko HAB-151 potentiostat/galvanostat.
Preparation of OLEDs.
Each layer of the OLEDs was prepared by vacuum deposition at 1 × 10 - 5 
